Abstract
Introduction

Metastasis is the decisive prognostic parameter in almost all malignancies. Unfortunately, surgical, radiological or chemo-therapeutic ablations have turned out to be insufficient strategies to deal with advanced metastatic disease, particularly when the secondary site is affected by scattered tumour cell dissemination. It is now an emerging concept that the formation of a 'pre-metastatic niche', characterized by a higher susceptibility to metastasizing tumour cells, is one prerequisite for metastasis
. Furthermore, it has been suggested that alteration of the organ homeostasis by an imbalance of proteinases and their inhibitors is important for enabling efficient metastatic colonization of distant organs [2] . Therefore, the protease web can be considered as a major determinant of metastatic priming [3] .
At first, it was believed that proteinases promoted metastasis due to their path-clearing function, whereas proteinase inhibitors were considered to be anti-metastatic. However, not all proteinases are pro-metastatic or even exhibit anti-metastatic features so that broad-spectrum proteinase inhibition can also induce metastasis [4] . Due to the complexity of proteinase function as well as the dynamics of the protease web, it is not surprising that in many malignancies also high expression of proteinase inhibitors is associated with poor prognosis. In particular, plasminogen activator inhibitor-1 (PAI-1) [5] and tissue inhibitor of metalloproteinases-1 (TIMP-1) [6] [7] and matrix metalloproteinases (MMPs) [8] , respectively. In addition to its inhibitory actions, TIMP-1 exerts strong growth-promoting, anti-apoptotic and pro-angiogeneic functions [9, 10] [12] which is predominantly stored in the extracellular matrix (ECM) [12] and synthesized by activated fibroblasts and endothelial cells [12] as well as immune cells like neutrophils [13] and macrophages [14] . At least in the case of acute liver and lung injury, uPA has also been shown to induce the recruitment of myeloid leucocytes to secondary sites and to mediate their degranulation [15, 16] 
Materials and methods
Cells and viruses
Human embryonic kidney (HEK) 293 and lacZ-tagged L-CI.5s cells were cultured as described previously [18] . Recombinant adenoviruses coding for human TIMP-1 were generated, purified and plaque titred as illustrated [19] . As control, Addl70-3, an adenovirus without transgene, was used [20] . Functionality of adenoviral constructs was tested in vitro as depicted [19] . Adenoviral infection in vivo was performed as described earlier [21] 
Experimental metastasis assays
Statistical analysis
Data were analysed using Mann-Whitney rank sum test. P Ͻ 0.05 was considered significant.
Results
Decreased TIMP-1-induced tumour cell scattering in uPA knockout mice (Fig. 1A, B) . This effect could be attributed to the inhibition of TIMP-1-induced scattering (Fig. 1C) , as the number of macrometastases in mice with elevated TIMP-1 levels was not affected by uPA ablation (Fig. 1D ).
Reduced TIMP-1-induced HGF signalling in uPA-ablated mice (Fig. 3A, B) . Ablation of host-derived uPA reduced the levels of pro-HGF by 50% (Fig. 3A, B (Fig. 3A, C) . Quantitative RT-PCR of liver tissue revealed no significant change of HGF mRNA transcription after gene transfer of TIMP-1 (Fig. 3D) (Fig. 4B) , whereas the infiltration of macrophages was not affected (Fig. 4A) (Fig. 5B, C) and did not inhibit TIMP-1-induced tumour cell scattering throughout the liver parenchyma (Fig. 6A) . (Fig. 5D ). 
.7%. (C) Close-up pictures of surfaces of representative X-Gal-stained metastasis-bearing livers showed increased scattering of tumour cells (indigo-blue signal) in livers with elevated TIMP-1 levels. Loss of host uPA led to a subtotal reduction of this micrometastatic spread. (D) Quantification of macrometastases in X-Gal-stained metastasis-bearing livers revealed a reduction of multicellular foci in livers with
For this purpose, we first inoculated AdTIMP-1 or Addl70-3 adenoviruses, respectively, in wild-type mice. Three days later the animals were challenged with tumour cells showing a highly efficient shRNAi-based knockdown of uPA (L-CI.5sshuPA) (Fig. 5A). As control, L-CI.5s cells transduced with a scrambled vector were used (L-CI.5sshscr). Lack of uPA expression by tumour cells did not significantly reduce TIMP-1-associated increase of overall metastatic burden
Immunofluorescence analysis of liver sections revealed that TIMP-1-induced c-Met phoshorylation was not impaired by lack of tumour cell-derived uPA (Fig. 6B). Quantification of multicellular foci on X-Gal-stained liver surfaces showed decreased numbers of macrometastases, independent of elevated TIMP-1 levels
, respectively), transduced by either AdTIMP-1 or Addl70-3 adenoviruses. (B) Densitometry of all performed Western blots revealed increased c-Met activation in livers with elevated TIMP-1. Loss of host uPA diminished this induction of HGF signalling. Columns: Mean intensities of the phospho-c-Met bands versus ␣-tubulin
. (C and D) Representative immunofluorescence analysis of phospho-c-Met (green signal) on cryo-sections (5 m) of metastasis-bearing bearing livers. Counterstaining was done with DAPI (blue signal). Approximate boundaries of macrometastases were delineated in white. (C) In both Addl70-3-and AdTIMP-1-transduced livers strong staining of phospho-c-Met was found around veins. In livers with elevated TIMP-1, additional c-Met activation in parenchyma was detected. Lack of host uPA did only affect the parenchymatous localization of HGF signalling. (D) Within and around macrometastases, only in livers of uPA wild-type animals with elevated TIMP-1 levels HGF signalling was induced.
Discussion
In this study, we demonstrate that host-derived uPA mediates the recently discovered [11] 
effect of elevated TIMP-1 levels in inducing HGF signalling-dependent promotion of liver metastasis. Host uPA is here found to be a crucial co-factor for the characteristic accumulation of available HGF in livers with elevated TIMP-1 levels, as it is necessary for the attraction of neutrophils. We further show that host but not tumour cell-derived uPA participates in TIMP-1-induced c-Met phosphorylation in the liver, previously
shown to lead to the increased susceptibility of the liver for metastasizing tumour cells [11] . [3] , led to our aim to get functional insight into possible pro-metastatic interrelationships between uPA and elevated TIMP-1 levels. Indeed, simultaneous overexpression of TIMP-1 and uPA has been observed in several tumours including breast cancer [28] , colorectal cancer [29] and myeloproliferative disorders [30] . Furthermore, decreased TIMP-1-induced liver metastasis after 
The recognition of the protease web as the complex network regulating tissue homeostasis in physiological and pathophysiological conditions [27] motivated our search for non-canonical interactions among its various components. This, together with the evidence that the initial axiom that proteinases strictly act as pro-metastatic factors whereas their inhibitors exert antimetastatic features cannot be maintained any more
functional-genetic up-regulation of PAI-2 has been the first but indirect evidence for a functional interplay between TIMP-1 and
PAs [17] . Here, we determine a direct functional coherence between these two factors elucidating that uPA mediates TIMP-1-triggered c-Met phosphorylation and subsequent tumour cell scattering throughout the liver parenchyma. In fact, HGF, originally also described as the scatter factor [31] , induces a plethora of pro-metastatic genes via the interaction with its receptor c-Met [32] . uPA plays a pivotal role in initiating these intracellular signalling cascades via c-Met as it positively regulates HGF at several levels: uPA is able to induce the expression of HGF [33] , to release sequestered pro-HGF from the ECM [34] and to activate it subsequently by limited cleavage [12] . Furthermore, uPA participates in mechanisms attracting to distant organs myeloid leucocytes, cells known to produce and intracellularly store HGF [13, 14] , and inducing the release of HGF by degranulation [15, 16] . The present study demonstrates that host uPA is crucial for the infiltration of neutrophils, but not of macrophages, into livers with elevated TIMP-1 levels. This correlated with increased c-Met phosphorylation and subsequent tumour cell scattering throughout the parenchyma.
With regard to tumour progression, a first hint at the overall significance of neutrophils as a main source of HGF has been the recent observation that in non-Hodgkin's lymphoma the number of neutrophils correlates with the amount of HGF protein [35] . animals (compare Fig. 1C) [37] . Furthermore, these findings stress the importance of the cell signalling function of TIMP-1 [9] , whose elevated levels drastically alter the gene expression signature, including the expression of uPA via a yet unknown pathway, in the liver as target organ of metastasis [11] .
Here, we confirm the importance of infiltrating neutrophils for TIMP-1-triggered progression of metastasis. The fact that elevated TIMP-1 levels do not induce transcription of HGF mRNA in
In several experimental metastasis models, e.g. of breast cancer [38] , melanoma [39] and prostate cancer [40] , down- [41] and larger metastatic foci [25, 42] . The observed decrease in the number of macrometastases is independent of modified TIMP-1 levels, reproducing the known effect that uPA expression by tumour cells determines to a certain extent their metastatic potential [39] 
